We compare mass-loss rates of OH/IR stars obtained from radio observations with those derived from the dust radiative transfer models and IR observations. We collect radio observational data of OH maser and CO line emission sources for a sample of 1533 OH/IR stars listed in Suh & Kwon (2011) . For 1259 OH maser, 76 CO(J=1-0), and 55 CO(J=2-1) emission sources, we compile data of the expansion velocity and mass-loss rate. We use a dust radiative transfer model for the dust shell to calculate the mass-loss rate as well as the IR color indices. The observed mass-loss rates are in the range predicted by the theoretical dust shell models corresponding toṀ = 10 −8 M /yr -10 −4 M /yr. We find that the dust model using a simple mixture of amorphous silicate and amorphous Al 2 O 3 (20% by mass) grains can explain the observations fairly well. The results indicate that the dust radiative transfer models for IR observations generally agree with the radio observations. For high mass-loss rate OH/IR stars, the mass-loss rates obtained from radio observations are underestimated compared to the mass-loss rates derived from the dust shell models. This could be because photon momentum transfer to the gas shell is not possible for the physical condition of high mass-loss rates. Alternative explanations could be the effects of different dust-to-gas ratios and/or a superwind.
INTRODUCTION
The OH/IR stars are generally believed to be the last evolutionary phase of an oxygen-rich asymptotic giant branch (AGB) star emitting OH maser at 1612 MHz. OH/IR stars are characterized by the Mira-type long-period variable stars (LPVs) with large amplitude pulsation. Shock waves produced by the strong pulsation and radiation pressure on newly formed dust grains drive dusty stellar winds with high mass-loss rates (10 −8 − 10 −4 M /yr). OH, SiO, and H 2 O masers have been found to be associated with O-rich AGB stars (e.g., Kwon & Suh 2012) . OH/IR stars typically show 10 µm and 18 µm features in emission or absorption which suggest the presence of silicate dust grains in the outer envelopes around them. Further investigations showed that there are more dust species (e.g., Al 2 O 3 and water-ice).
The AGB phase is characterized by the relatively rapid onset of greatly enhanced mass-loss, commonly referred to as the superwind phase (Renzini 1981) . As AGB stars evolve, thermal pulses due to internal helium shell flashes have been hypothesized as a major cause of these episodes of greatly enhanced mass-loss (Wood 1990; Suh & Jones 1997) . The mass-loss rate from an AGB star must increase by at least a factor of 10 for the duration of the superwind. We expect one thermal pulse about every 10 4 − 10 5 years that endures
Corresponding Author : K.-W. Suh for a few hundred years (Iben 1981; Vassiliadis & Wood 1993) . In this paper, we investigate the relations among the parameters to determine the mass-loss rates for a sample of 1533 OH/IR stars listed in Suh & Kwon (2011) . For the OH/IR stars, we compare the mass-loss rates and expansion velocities obtained from radio observations with the dust mass-loss rates and IR colors derived from dust radiative transfer models and IR observations.
SAMPLE STARS
Radio observations of an OH/IR star may provide useful information to obtain the expansion velocity of the outer shell and the mass-loss rate. OH molecules produce a characteristic double-peak emission line from the shell of gas expanding away from the star. The difference in the velocities of the two peaks gives the expanding velocity of the gas. We need to know the brightness of the maser emission and the distance of the object as well as the expansion velocity to obtain the mass-loss rate (e.g., Zhang et al. 2010) .
We collect V exp data for 1912 OH maser sources from 11 papers and 1259 maser sources can be identified to be OH/IR stars using the list of 1533 OH/IR stars in Suh & Kwon (2011) . In Table 1 , we list the number of data for each reference. The mass-loss rate (Ṁ ) data are available for 100 OH/IR stars.
CO emission lines are available to estimate the massloss rate as well as the expanding velocity. We list the CO emission sources and the number of IRAS counterparts in Table 2 . Some CO sources show a composite CO profile: a narrow component superposed on a broader one at the same stellar velocity. Knapp et al. (1998) interpret this profile as a two successive winds having different mass-loss rates and outflow velocities. In this paper, we take the broad component only. For 76 CO(J=1-0) and 55 CO (J=2-1) emission sources, we compile data of the expansion velocity and massloss rate. For some objects which were observed more than one time to obtain V exp , we use an average value of V exp .
Comparison of Expansion Velocities
There are 53 OH/IR stars which have both OH and CO(J=1-0 or J=2-1) sources and 47 OH/IR stars which have both CO(J=1-0) and CO(J=2-1) sources. In Fig.  1 , we plot the radial velocities of central star (V LSR ) and expanding velocities (V exp ) of envelope obtained from OH maser and CO emission lines.
For V LSR (the upper panel of Fig. 1 ), V LSR from CO(J=1-0) emission sources show a strong correlation (the correlation coefficient R is near from 1) with the ones from CO(J=2-1) observations (V LSR,CO(2−1) = V LSR,CO(1−0) -0.03, R=0.999). Also, V LSR from CO(J=1-0 or J=2-1) emission sources show a strong correlation with those from OH maser observations (V LSR,OH = V LSR,CO -1.22, R=0.997). The strong correlations of V LSR mean that the stellar and circumstellar structure maintain spherical symmetry despite variations of the physical structure in time.
On the lower panel of Fig. 1 , V exp obtained from two CO lines (J=2-1 and J=1-0) show comparatively a mild correlation (V exp,CO(2−1) = V exp,CO(1−0) +0.04, R=0.953). Olofsson et al. (1993) found that there is no significant difference between the two estimates of the gas expanding velocity from CO lines of J=2-1 and Eder et al. (1988) 169 Lewis et al. (1990) 71 Chengalur et al. (1993) 115 Lewis (1994) 39 Sivagnanam et al. (1990) 27 Le Squeren et al. (1992) 109 David et al. (1993) 126 Sevenster et al. (1997a) 248 Sevenster et al. (1997b) 166 Sevenster et al. (2001) 276 Zhang et al. (2010) The numbers in the parenthesis refer to the numbers of stars. 
J=1-0.
The expanding velocities derived from OH maser and CO lines show a weak correlation (V exp,OH = V exp,CO -2.08, R=0.674) displaying considerable scatter. This could be due to different locations of the sources or different pulsation phases. K-[12] ) are useful to characterize the dust shells around OH/IR stars. By using version 2.1 of the Inf rared Astronomical Satellite (IRAS) Point Source Catalog (PSC), we obtain useful photometric data at two bands (12 and 25 µm) for 1533 OH/IR stars.
The IRAS and 2M ASS Data

IR colors ([12]-[25] and
We use the two micron all sky survey (2M ASS) data at K (2.17 µm) band. We cross-identify the 2M ASS source by finding the nearest in position within 10 arcsec. For a number of sample stars which do not have good quality 2M ASS data at K band, we use other available K band data listed in Suh & Kwon (2011) .
The color index is defined as
where ZM C λi means the zero magnitude calibration (55) 74 (74) The numbers in the parenthesis refer to the numbers of stars.
at given wavelength (λi) (see Suh & Kwon 2011 for details). We use only those objects with good quality data at any wavelength.
THEORETICAL DUST SHELL MODELS
We perform theoretical radiative transfer model calculations using DUSTY code developed by Ivezić & Elitzur (1997) for a spherically symmetric dust shell.
We assume that the dust density distribution is continuous (ρ ∝ r −2 ) from the dust condensation radius (R in ) to the outer radius (R out ) and the mass-loss rate (Ṁ ) and the envelope expansion velocity (V exp ) are constant. Then the mass-loss rate is given bẏ
where ρ o is the material density at R in . The dust shell optical depth (τ λ ) is given by
where κ λ is the dust extinction opacity in g −1 cm 2 and ρ d is the dust density at R in which is given by
where δ is the dust-to-gas ratio. The outer radius of the dust shell is always taken to be 1 × 10 4 times the inner radius (R in ). The inner shell dust temperature (T c ; the dust condensation temperature) is the dust temperature at R in . We assume that T c = 1000 K. Although AGB stars are pulsating, the overall continuous density distribution is believed to be maintained for a time scale larger than the pulsation period (e.g., Suh 1999; Suh 2004 ).
Dust Shell Model Parameters
We choose 10 µm as the fiducial wavelength that sets the scale of the dust optical depth (τ 10 ) and compute models for various optical depths (τ 10 = 0.001 -60).
For the central star, we assume that the luminosity is 1 × 10 4 L and the stellar blackbody temperature (T star ) is 2500 K for τ 10 ≤ 3, 2000 K for τ 10 > 3.
The dust-to-gas ratio (δ) is generally estimated to be 0.005 to 0.02. Draine et al. (2007) derived the average dust-to-gas ratio in Milky way to be 0.01 and argued that the value tends to increase for a higher metallicity. The dust-to-gas ratio (δ) is assumed to be 0.01.
For modeling dust shells around O-rich AGB stars, Suh & Kwon (2011) found that the dust opacity using Al 2 O 3 as well as silicate can improve the fit of the dust model for the comparison with the IR observations.
We use a simple mixture of amorphous silicate and amorphous Al 2 O 3 (20% by mass) dust grains. We use the optical constants of warm silicate grains (Suh 1999) for the models of τ 10 ≤ 3 and cold silicate grains (Suh 1999) for τ 10 > 3. We use the optical constants of amorphous Al 2 O 3 (porous) obtained by Begemann et al. (1997) for all models. We assume that the bulk densities (ρ d ) of the silicate grains and Al 2 O 3 are 3.3 and 3.2 g cm −3 , respectively. The radii of spherical dust grains are assumed to be 0.1 µm uniformly. Table 3 shows the list of theoretical mass-loss rates and color indices for various dust optical depths estimated from the radiative transfer models with a simple mixture of silicate and Al 2 O 3 (20% by mass) dust grains. We assume that the dust-to-gas ratio (δ) is 0.01 and V exp = 10 km/sec.
COMPARISON OF THE THEORETICAL MODELS WITH THE OBSERVATIONS
The stellar wind of an OH/IR star is driven by radiation pressure on dust grains and subsequent momentum transfer to the gas molecules via collisions (e.g., Kwok 1975) . The mass-loss rate (Ṁ ; see Eq. 2 which can be derived from a dust shell model, is related the dust shell optical depth (κ λ ; R in ; ρ d ) and V exp . This can be compared with the ones obtained from radio observations.
V exp -Color Diagrams
In Figs. 2 and 3, we plot V exp obtained from the CO and OH maser observations versus the IR color. We also plot the equi-Ṁ curves from the theoretical dust shell radiative transfer models. Each equi-Ṁ line is obtained by connecting the points of the same massloss rate by calculating the points on the diagrams by interpolatingṀ and IR colors for given V exp from the dust shell models.
In Figs. 2 and 3 , there is a general trend that V exp obtained from radio observations increases with the IR color for bluer objects (with smaller dust optical depths), while V exp levels off to a certain value for the redder objects. This behavior of the gas expansion velocity (i.e., V exp obtained from radio observations) can be understood on the basis of the efficiency of photon momentum transfer to the gas shell. When the massloss rate is small, any increase of the mass-loss rate causes a larger dust-gas coupling and so the momentum transfer increases. But when a critical value of the mass-loss rate is reached, further increase in the momentum transfer for accelerating gas is not possible (e.g., Kwok 1975; Stefen et al. 1997) . Large scatters in V exp could be due to pulsation (e.g., Suh 2004 ).
There are overlaps and gaps in the equi-Ṁ curves in V exp versus color diagrams at the color indices which correspond to τ 10 = 3. This is because we use different input parameters (the dust opacity; the temperature of the central star) for two different conditions (τ 10 ≤ 3 and τ 10 > 3; see Section 3.1).
In Figs. 2 and 3 , the observed mass-loss rates start to rise close from the theoretical line of 10 −8 M /yr to the line of 10 −4 M /yr determined from the dust models. Stefen et al. (1997) estimated an upper limit of (3−10)×10 −4 M /yr for dust driven winds depending on the various stellar and dust parameters.
Generally, theoretical mass-loss rate curves can explain the observed mass-loss rates and expansion velocities fairly well. As noted by Suh & Kwon (2011) , the dust opacity (silicate and Al 2 O 3 ) used for this paper can reproduce both K- [12] and [12]-[25] better than the dust opacity using only silicate.
4.2Ṁ -Color Diagrams
In Figs. 4 and 5, we plot the diagrams of the massloss rates obtained from OH and CO observations versus the IR color (K-[12] and [12]-[25] ) for OH/IR stars. We also plot the equi-V exp curves derived from the theoretical dust radiative transfer models.
The observed mass-loss rate increases with the IR color until it reaches about 10 −5 M /yr. After that, the mass-loss rate tends to maintain a certain level.
In the region of low mass-loss rates (τ 10 ≤ 3), the theoretical mass-loss rates derived from the dust shell models generally agree with the radio observations.
In the region of high mass-loss rate (τ 10 > 3), the theoretical mass-loss rates are obviously larger than the ones obtained from radio observations especially for higher dust optical depths. As we commented in Section 4.1, this could be because the photon momentum transfer to the gas shell is not possible for the physical condition of high mass-loss rates.
For high mass-loss rate OH/IR stars, the outer gas shell radius which is measured by radio observations is smaller than the outer dust shell radius which is measured by IR observations. For OH 26.5+0.6, Suh & Kwon (2013) could reproduce the observed image at 8.7 µm obtained by Chesneau et al. (2005) using the dust model image of R out = 3 × 10 4 AU. However, the CO(J=1-0) image size of the object is much smaller (4700 AU; Fong et al. 2002) . This may mean that the gas mass-loss is not as effective as the dust mass-loss for high mass-loss rate OH/IR stars. Alternative explanations could be the effects of different dust-to-gas ratios and/or a superwind (see Section 1).
The dust-to-gas ratio could be larger than 0.01 for the high mass-loss rate OH/IR stars which are massive, younger, and metal-rich. In Figs. 4 and 5, the model results with a larger dust-to-gas ratio (δ=0.02) are also shown for high mass-loss rates (τ 10 ≥ 15). A superwind would effectively make abrupt changes of the mass-loss rate depending on the location (e.g., Suh & Jones 1997) .
4.3Ṁ -Period Diagram
On Fig. 6 , the mass-loss rates obtained from radio observations are compared with the pulsation periods for 26 OH sources (Chen et al. 2001; Zhang et al. 2010) and 15 CO sources (De Beck et al. 2010) .
We find that a linear relation fits the OH/IR stars in our sample with periods shorter than about 800 days. However,Ṁ obtained from radio observation levels off to an almost constant value of 4 × 10 −5 M /yr for longer periods. This could be due to relatively ineffective gas mass-loss for high mass-loss rate OH/IR stars (see Section 4.2). Even though it is difficult to determine the meaningful saturation mass-loss rate and cut-off period due to the lack of data points, a similar relationship was found for different samples of LPVs (e.g., De Beck et al. 2010 
SUMMARY
We have collected radio observational data for a sample of 1533 OH/IR stars listed in Suh & Kwon (2011) . We have compiled data of the expansion velocity and mass-loss rate for 1259 OH maser, 76 CO(J=1-0), and 55 CO(J=2-1) emission sources.
We have used a dust radiative transfer model for the dust shell to calculate the mass-loss rate curves as well as the IR color indices (K-[12] and [12]-[25] ). The theoretical mass-loss rates are compared with those obtained by radio observations. We have found that a simple mixture of amorphous silicate and amorphous Al 2 O 3 (20% by mass) dust grains can explain the observations fairly well.
On V exp -color diagrams, the mass-loss rates and expansion velocities from radio observations are reasonably in the range of the theoretical dust shell models corresponding toṀ = 10 −8 M /yr -10 −4 M /yr. The results indicate that the dust radiative transfer models derived from IR observations generally agree with the radio observations. OnṀ -color diagrams, the mass-loss rates obtained from radio observations are underestimated for high mass-loss rate OH/IR stars, compared to the mass-loss rates derived from the dust models. This could be because the photon momentum transfer to the gas shell is not possible for the high mass-loss rates. Alternative explanations could be the effects of different dust-togas ratios and/or a superwind. Further investigations on a detailed hydrodynamical model of gas and dust considering the effect of a superwind and more dust species would be necessary to fully understand the disagreements.
